Several algorithms have been effectively used to identify the seismic signature of rockfall incidents, which constitute a significant threat for human lives and infrastructure especially when occurring along transportation networks. These algorithms have been mostly evaluated using data from large scale rockfall events that release a large amount of energy. However, low-energy rockfall events (< 100 Joules) triggered by small-sized individual rocks falling from small heights can be severely destructive. In this study, a three-parameter algorithm has been developed to identify low-energy rockfall events. An experimental setup was implemented to 1) validate the results obtained by this algorithm against visual inspection of seismic signals records, 2) define the optimal algorithm parameterization to minimize false alarms, and 3) investigate whether tri-axial vibration monitoring can be replaced by a uniaxial device in order to reduce the installation cost of a real-time rockfall monitoring system. It was found that the success rate of the proposed algorithm exceeds 80% independently of the parameters used, while event identification at a maximum distance with minimal false alarms was achieved when using mean ± 3σ as the threshold criterion and 6 ms and 4 ms as the trigger and event window parameters respectively. Finally, it was found that for the specific experimental setup, a uniaxial device could be used for rockfall event identification.
INTRODUCTION
Early detection of rockfall incidents along transportation routes is an important element for efficient risk management and improvement of public safety. Roads and railways passing through mountainous areas are endangered by the sudden detachment of a rock mass that may lead to stopping traffic [1] , infrastructure damage and even casualties [2] .
In order to estimate the potential rockfall risk along transportation corridors, several qualitative rick rating systems have been proposed and implemented mainly by transportation agencies [3] . Defensive structures such as fences, barriers embankments are commonly used in high-rick areas. However, the cost for the installation of these structures is relatively high and their installation may not be affordable in several areas. This is the reason why, several near real-time monitoring systems have been proposed to monitor large areas of interest using terrestrial remote sensors (i.e., total stations, terrestrial laser scanners, ground-based interferomertric SAR sensors) [4] and imaging techniques [5] , [6] .
These instruments provide precise measurements of the slope geometrical characteristics, do not provide 24/7 measurements (i.e., imaging techniques), are strongly influenced by the meteorological conditions that prevail the area of interest (i.e., total stations) or are highly expensive (i.e., ground-based InSAR). Moreover, the computational needs and processing time for the majority of these systems constitute a drawback for their incorporation into an operational rockfall monitoring system.
On the other hand, geophysical sensors (i.e., geophones, accelerometers, seismographs) are weather independent, operate in harsh environments and provide reliable, continuous, and day-and-night monitoring capabilities. Seismic signals associated with rockfalls and other mass movements have been studied extensively in many geological contexts. For example, in [7] analysis of seismic records of 14 large (> 104 m 3 ) rockfalls and avalanches between 1963 and 1992 was performed and the author noted that the events were detected in the seismic records. More recently, in [8] and [9] the ability of seismic signals to provide important information on the characteristics of the rockfall (e.g., volume, duration, and location) was reported. Whereas these studies focused on the analysis of large scale rockfalls, in [10] the seismic signature of small scaled (1-10 m 3 ) rockfall incidents that occur more frequently than large events was examined and analyzed. In [11] field experiments with the free fall of 12 kg and 50 kg stones over a channel bed and the ground vibrations caused by these falls are analyzed. In other studies, i.e. [12] [13] [14] [15] , different algorithms have been proposed and implemented in the scientific literature for the identification of the seismic signature of rockfall events.
In this work, Section 2 presents a three parameter rockfall event detection automatic methodology ("ISTRIA" algorithm) along with the description of the experimental setup established for its evaluation. Section 3 provides the results of the analysis performed and the algorithm is evaluated against the number of events identified, the number of false alarms produced and the optimum parameterization is proposed. Finally, in Section 4 recommendations for further validation of the proposed algorithm are given.
"ISTRIA" ALGORITHM AND EXPERIMENTAL SETUP
The quality of a rockfall event identification algorithm may be quantitatively measured with its ability to identify all events present in the seismic signal, the number of parameters necessary for its implementation, the number of false alarms generated, the computational time, etc. The first criterion is related to the overall success of the algorithm whereas the rest of the criteria should be kept as low as possible. Given that the above mentioned studies rely upon multi-parametric algorithms or high order statistics that require a considerable amount of data, a simple automated algorithm for rockfall event identification based on their seismic signature that should work with limited data availability was developed under the framework of the "ISTRIA" research proposal co-funded by the European Regional Development Fund (ERDF) and the Greek government.
The "ISTRIA" algorithm is a modified version of the moving window trigger (MWT) algorithm that was originally developed to identify and characterize low dissolved oxygen (DO) events and designed to treat time series of arbitrary sampling resolution and duration [16] . Based on the initial implementation of the MWT algorithm, the "ISTRIA" algorithm identifies rock-fall events which simultaneously produce geophone signatures that exceed certain limits (Threshold parameter) and last more than a specified time window (Event-window parameter) (see Fig.1 ). The "ISTRIA" algorithm was implemented in the MATLAB technical computing language and employs an overlapping window (Trigger window parameter) to search for rock-fall events within the signal. In order to qualitatively test the performance of the algorithm an experimental setup was implemented and presented in [17] . There, the threshold value was set to mean ± 2σ, and the trigger and event duration windows to 5 ms and 3 ms respectively and it was found that a spacing of 15-30 m is adequate to capture rockfall incidents with an impact energy above 30 J.
In this work, a new experimental setup was implemented to deliver a more detailed evaluation of the performance of the proposed algorithm including its optimal parameterization. The experiment took place inside the Technical University of Crete campus in Chania, Crete, Greece and, besides the evaluation of the algorithm, it focused on whether there exists a dominant direction (X-, Y-, or Z-) that could be used to replace the more expensive triaxial monitoring devices. Eight 14 Hz horizontal component geophones along with four 4.5 Hz vertical ones and a 12channel GEODE TM seismograph were used for this experiment and the geophones were grouped to permit simultaneous horizontal (lateral and longitudinal) and vertical capture of the seismic signature generated in four different distances from the source (Fig. 2) . The seismograph's sensitivity was set to 1mV, the sampling rate to 0.5 ms and the recording length to 3 s leading to 6000 samples per drop. A 6.73 kg concrete sphere was dropped (free fall) from a 1.65 m height resulting in a released energy of 108.93 J.
Figure 2:
The experimental setup layout. Four groups of geophones (G i ) each one with two horizontal and one vertical geophone were used to capture seismic signature generated by the free fall of a 6.73 kg concrete sphere from 1.65 m height at locations P i .
In each location P i , three successive drops were made to ensure repeatability and better evaluation of the algorithm's performance ( Table 1) . Analysis of these seismic records are provided in the following Section. .2= 
EXPERIMENTAL RESULTS ANALYSIS
The main objective of this work is to identify the optimal parameterization of the proposed algorithm for rockfall event detection based on their seismic signature. To accomplish this, the algorithm was applied in the seismic records (Table 1) setting the following parameter values: Trigger window (ms): 4/5/6, Event window: 2/3/4, Threshold: mean ± 2 std/ mean ± 3 std. For each seismic record, there are 18 unique combinations of the parameters values for each direction (lateral, longitudinal or vertical) thus almost 1000 records (= 18 records × 18 combinations × 3 directions) were inspected to evaluate the algorithm's performance.
In Fig. 3 a series of the G3 longitudinal records (amplitude vs time) for experiment No. 1201, for every possible combination is provided.
Figure 3:
The seismograms produced for experiment No. 1201(location of drop: P2) after applying the proposed algorithm in the records for longitudinal geophone in the G3 geophone group. The left column presents the seismograms when the threshold is set to mean ± 2σ whereas the right column corresponds to mean ± 3σ threshold. In each column the following combinations for trigger and event duration parameters are presented: [4, 2] , [4, 3] , [4, 4] , [5, 2] , [5, 3] , [5, 4] , [6, 2] , [6, 3] , [6, 4] The grey sections in each seismogram illustrate the result of the implementation of the algorithm, and correspond to when an event has been detected. The time of the event occurrence was then compared to the one reported on site and corresponds to the time when the concrete sphere reached the ground.
The analysis revealed that changes in the algorithm's parameters influenced its ability to capture the real event, irrespectively the direction used. For example, in experiment No. 1301 and for the same trigger (5 ms) and event duration (3 ms) windows, the change of the threshold from mean ± 2σ to mean ± 3σ did not yield to event identification in the G1 vertical geophone records. However, when the trigger window was set to 4 ms and the rest of the parameters remained the same (event duration: 2 ms and threshold: mean ± 3σ) it was found that the event was clearly captured by the proposed algorithm. Analysis of all records revealed that the threshold is the parameter that when changed affects mostly the algorithm's performance in event detection. Table 2 presents the success rate of the proposed algorithm that is the percentage of real events automatic identification in each direction and for all parameter combinations. Another quantitative criterion that was examined to evaluate the performance of the algorithm is the number of false alarms produced per parameter and per direction. This is an important criterion especially when an algorithm is going to be incorporated into an operational early warning system. For every location (P i ) the average number of false alarms generated for the three successive drops of the concrete sphere and for each direction was calculated. Table 3 presents the impact that the threshold parameter has in the overall number of false alarms. Table 3 : Impact of threshold parameter change in the number of false alarm produced. Each number corresponds to the average of the three experiments performed in every location P i .
Mean ± 2σ
Mean ± 3σ The selection of the optimal combination between the trigger and event window duration in terms of the number of false alarms generated, was made through analysis of data provided in Table 4 . It can be safely extracted that, for all directions, the minimal number of false alarms is observed when the trigger window is set to 6 ms and then that the influence of the event duration window is negligible. Moreover, it is apparent that the trigger and event windows impact on the number of false alarms depends also by the geophone orientation and that the vertical direction presents the minimal number of false alarms (Fig. 5) . Lat.
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Figure 5:
The relation between the average number of false alarms (Y-axis) and the trigger and event windows combinations (X-axis) for experiment P3, threshold equal to mean ± 3σ, and for the three directions: lateral (blue), longitudinal (red), and vertical (green). It is evident that the vertical direction produce the minimal number of false alarms.
CONCLUSIONS
A rockfall event occurs when moving rocks lose their contact with the slope. Depending on the number and the size of the rock, the area where this movement is ceased, the rockfall incident may be inconsequential with minor impact or can even be characterized as a natural disaster affecting human lives and property loses. The main objective of the experimental setup presented in this work was to propose a three parameter, automatic methodology to be used to capture rockfall incidents using their seismic signature. The experimental setup was designed to address small-scale rockfall events that have not been studied extensively so far. The main findings of this work are:  the proposed algorithm require only three parameters (threshold, trigger window, event duration window);  the algorithm has over 80% success rate in event identification for all experiments conducted;  a rockfall that releases 100 J of energy produces seismic signal that can be captured by the "ISTRIA" algorithm from a geophone placed 36m away independently on the parameters used;  the algorithm's performance in terms of false alarms generation is highly related to the threshold criterion and it was found that when the value was set to mean ± 3σ the number of false alarms produced reduced by 40 -95%;  the trigger window parameter influence the number of false alarms and it was found that optimal results are extracted when using 6 ms as input;  the event duration window has negligible impact on false alarm generation with slightly better results obtained when the parameter is set to 4 ms;  the vertical direction seems to present the optimal results in terms of event identification and minimal false alarm generation.
Future work involves the execution of manually induced rockfall incidents to verify the above mentioned results under real conditions. Moreover, comparison of the algorithm's performance against well-established but poly-parametric algorithms and the optimal geophone spacing for reliable rockfall event detection are to be implemented.
